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Technical Issues Addressed

• Cathode polarization in anode-supported SOFC
• Anode polarization in anode-supported SOFC
• Kinetics of anode reduction
• Thermo-mechanical issues concerning anode-

supported cells – thermal expansion coefficient of 
cathode



Technical Issues - Details
Cathode Polarization
• Effect of cathode atmosphere on polarization.
• Effect of cathode porosity on concentration polarization.
• Effect of cathode composition on polarization.
Anode Polarization
• Effect of anode gas composition on transport.
Kinetics of Anode Reduction
• Experimental studies on anode reduction kinetics.
• Simple analytical modeling of the anode reduction kinetics – effect of 

microstructure.
Thermo-Mechanical Issues
• Potential for delamination – electrolyte thickness
• Thermal expansion coefficient of the cathode



Results to Date• Cathode Polarization
(a) Effect of oxidant diluents on cathode polarization. (N2, Ar, CO2).
(b) LSGM + LSM cathodes. Good prospect.
(c) Gas diffusion through porous cathodes. Effect of porosity 
investigated.

• Anode Polarization
(a) Effect of diluents on anode gas transport and polarization. (N2, He, 
CO2, H2O).

• Anode Reduction Kinetics
(a) Kinetic studies on NiO + YSZ reduction to Ni + YSZ. Interface-

controlled.

• Thermo-Mechanical Issues
(a) Electrolyte thickness to prevent delamination. Thinner the better.
(b) Cathode matching with anode or electrolyte. Cathode matching 
with anode.



Effect of Cathode Gas Composition
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Important Observations
(1) In pure O2, very low

cathode polarization.
(2) Anode polarization

is small. 



Effect of Oxidant Composition at 800oC
Nitrogen as a Diluent

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0
0.0

0.2

0.4

0.6

0.8

1.0

1.2

Current Density (A/cm2)

V
ol

ta
ge

 (V
)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

800 oC

 100% O2 + 0% N2

 60% O2 + 40% N2

 44% O2 + 56% N2

 21% O2 + 79% N2

 15% O2 + 85% N2

 10% O2 + 90% N2

 5% O2 + 95% N2

Pow
er D

ensity (W
/cm

2)

5%

10%

15%

21%

44%
60%

100%



0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0
0.0

0.2

0.4

0.6

0.8

1.0

1.2

Current Density (A/cm2)

V
ol

ta
ge

 (V
)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

800 oC

 100% O2 + 0% Ar
 60% O2 + 40% Ar
 44% O2 + 56% Ar
 21% O2 + 79% Ar
 15% O2 + 85% Ar
 10% O2 + 90% Ar
 5% O2 + 95% Ar

Pow
er D

ensity (W
/cm

2)

Effect of Oxidant Composition at 800oC
Argon as a Diluent
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Cell ASR at Low Current Densities
Cathode Polarization ASR as  a function of         , fractional 

surface coverage
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Cell ASR at Low Current Densities
Total Cell ASR (low current density limit) as a Function of pO2
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Cell ASR at Low Current Densities
Total Cell ASR (low current density limit): Curve fit
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Effect of Oxidant Composition at 700oC
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Effect of Cathode Porosity on 
Concentration Polarization
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LSGM + LSM Cathodes for SOFC

Ni + YSZ

YSZ

LSGM + YSZ

~ 7 µm



LSGM + LSM Cathodes
Effect of Composition on Performance
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LSGM + LSM Cathodes
Effect of Firing Temperature on Performance

Important Observations
(1) Cathode firing temp.

has a profound effect
on performance.

(2) At 1200oC, LSGM and
YSZ react to form
deleterious La2Zr2O7. 
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Kinetics of NiO + YSZ Reduction
Schematic
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Kinetics of NiO +YSZ Reduction
Nomenclature

o
Hp 2

: Partial pressure of hydrogen in the reducing atmosphere

: Partial pressure of hydrogen at the Ni +YSZ/NiO + YSZ
interface

: Partial pressure of hydrogen corresponding to the reaction
equilibrium NiO + H2 Ni + H2O

: Partial pressure of H2O in the reducing atmosphere

: Partial pressure of H2O at the Ni + YSZ/NiO + YSZ
interface. 

: Partial pressure of H2O corresponding to the reaction
equilibrium NiO + H2 Ni + H2O.
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Kinetics of NiO +YSZ Reduction
Nomenclature (contd.)

M
NiOV : Molar volume of NiO.

: Volume fraction of NiO.

: Effective ternary diffusivity of H2-H2O-N2 in porous 
Ni + YSZ.

: Ideal gas constant.
: Temperature.
: Interface kinetic parameter for the reaction
NiO (+ YSZ) + H2 Ni (+ YSZ) + H2O.

: Time of reduction.

: Thickness reduced in time ‘t’.
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Kinetics of NiO + YSZ Reduction
Kinetic Model
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Experimental Results
Microstructure of Reduced Samples

Sintered at 1400oC/2 hrs.
Reduced at 800oC

Sintered at 1600oC/10 hrs.
Reduced at 800oC

Orange: YSZ Green: Ni Blue: Pores



Experimental Results
Reduction thickness vs. time as a function of temperature

Reduced layer thickness vs. Reduction time       (1400 C; 2 hrs., Fine sample)
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Rate Constant for Reduction as a 
Function of Temperature
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Photographs of Partially Reduced NiO + 
YSZ Samples

600oC/4 hrs. 650oC/4 hrs.

700oC/4 hrs.
800oC/4 hrs.
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Reduced Thickness vs. Time at 800oC
The effect of additives

Reduced layer thickness vs. Reduction time (800 C)
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• Kinetics of NiO + YSZ reduction is linear.
• This suggests that the kinetics of reduction 

is interface-controlled. 
• The kinetics of NiO + YSZ reduction is 

thermally activated. 
• Additives to NiO appear to have significant 

effect on reduction kinetics. 

NiO + YSZ Anode Reduction
Implications of the Results



NiO + YSZ Anode Reduction and Re-
Oxidation Kinetics

Anticipated work over the next 6-12 months

• To investigate the kinetics of anode re-
oxidation. 
(a) Effect of temperature
(b) Effect of composition (including 

additives)
(c) Effect of microstructure

The overall objective is to develop redox-
tolerant, Ni-based anodes.



Finite Element Analysis of Anode-
Supported Cells

Issues Concerning Delamination
Finite Element Analysis of Delamination

Delamination Crack

Delamination Crack

Delamination Cracks

Anode

Cathode

Electrolyte

YSZ film in biaxial compression

Light violet color indicates the presence of
a compressive stress in the electrolyte. If a crack forms,
stress in the cracked part of the electrolyte is relieved.
This is shown in white. 

In this case, delamination crack 
is assumed to occur along the 
cathode-electrolyte interface. Thus, 
stress from the cracked part of the
cathode is relieved – shown in light blue. 



Thermo-Mechanical Issues
Elastic Energy Release Rate, G, for Delamination
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y = 185324x + 14.411
R2 = 0.9874

y = 184955x + 24.681
R2 = 0.9874
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Thermo-Mechanical Issues
Propensity for Delamination: Cathode Matched with Anode

Plot of G vs cathode thickness
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Thermo-Mechanical Issues
Delamination: Comparison of Cathode Matching with 

Electrolyte and Cathode Matching with Anode
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Thermo-Mechanical Issues
Delamination: Comparison of Cathode Matching with 

Electrolyte or Anode: Implications

From the standpoint of propensity for delamination at either
the electrolyte/anode interface or the electrolyte/cathode
interface, it is preferable to match the thermal coefficient
of the cathode with the anode rather than the cathode in the
case of anode-supported cells. This is different from the case
of cathode-supported cells. 



Future Work
Next 6 to 12 months.

1) Cathode: 
(a) Composition and microstructure.
(b) Effect of oxygen concentration.

2) Anode:
(a) Re-oxidation kinetics.

3) Thermo-Mechanical. 
(a) FE analysis of cells with border holes.
(b) FE analysis of cells of components with different

material properties. 
(c) Experimental investigation of interface properties

(critical elastic energy release rate, Gc, or 
toughness, Kc).
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